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ABSTRACT 
Chapter 1 
This thesis aims at understanding interactions and bonding in metal 
and non-metal clusters and metal-ligand complexes which mostly find 
applications in the field of materials. The tool used is density functional 
theory (DFT) calculations, which is now more or less well established 
method to understand interactions and bonding in such systems. All the 
calculations due to the fundamental nature of DFT methods include 
electron correlation, mandatory if systems with metals have to be 
understood. Further as the case may be relativistic corrections (by 
including ZORA) have also been carried out. To understand the bonding 
natural bond orbital (NBO) analysis, which has proved to be a valuable 
tool, has been used in most of the cases. In chapter I a general 
introduction to the importance of the actual systems studied has been 
given in detail. This includes introduction to the properties of small metal 
clusters which seem promising to have applications in the field of non-
linear optics (NLO) materials. The non-metal clusters; the main system 
studied is C3N4 which possibly may be a rival to existing Si3N4 as a hard 
material. The Ru complexes (N3 and black dye) which have been 
thoroughly studied experimentally as dye sensitizers in dye sensitized 
solar cells (DSSC) are also introduced. Finally the importance of 
relativistic effects to obtain the right interaction energy is highlighted.  
 
Chapter 2 
Of particular interest are the clusters of coinage metals (Au, Ag and 
Cu) due to their large non-linear optical activity (NLO) and ultra fast time 
response in the surface plasmon resonance (SPR) absorption range. 
Though similarities in the behavior of these are known at the bulk level, 
they exhibit considerable differences at the cluster level. This has been 
attributed to the larger relativistic effects in gold clusters compared to the 
others. Binary clusters or alloys of these metals are of special interest due 
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to their optical properties. Such studies can be carried out by using 
computational techniques like DFT methods for small clusters and 
extrapolating the observations to larger clusters. In this chapter DFT study 
on clusters with a fixed size of n=6 while varying the composition of the 
cluster from pure Cu (Cu6) to pure Au (Au6) through AuxCu6-x  (x= 1- 5) is 
reported. 
It is seen that the shape along with the composition of the cluster 
has a profound influence on the property and this should hold good for the 
large clusters too.  It is found that the flat shaped clusters are not local 
minima in spite of these being stationary points. Whereas when small 
distortions to this structure to bring it into a cap like structure is carried 
out then they become local minima. With increasing Au content it is 
observed that the cap shaped structures have larger dipoles than the 
triangular ones. A matrix in which the cluster requires a larger dipole for 
stabilization could then crystallize into the disk type shape rather than the 
most stable triangular shape.  On the other hand a small distortion of the 
planar structure to a W-shaped structure red shifts the absorption band to 
around 600 nm. This absorption area is of interest as the SPR absorption 
takes place in this range. In summary in this DFT study it has been 
observed that the trends in properties, of the small binary clusters of Au-
Cu, with changing structure and composition. 
 
Chapter 3 
Keeping in view of the importance of silicon/carbon nitrides, 
detailed theoretical studies on isomers of [C3,N4] and [Si3,N4] have been 
carried out in this chapter. In fact the singlet ground state PES of both the 
species has been generated. These studies explore the stability and the 
structural properties of the various possible species, which could help in 
predictions of formation of C3N4 in the bulk states. Also it is brought out 
the differences of the stability and bonding of the clusters of the carbon 
and silicon species to have deeper insight into the bulk level. It should be 
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mentioned that it is well known from basic structural chemistry that 
carbon would prefer to have a sp2 type of bonding with nitrogen or forms 
multiple bonding but in this present study the quantitative differences 
have been brought in to picture using high level calculations. It is 
observed that these PES are rich in isomers some of which may have been 
generated in earlier experimental work. Here in this report results from 
the detailed DFT and ab initio calculations on the structures and energies 
of these clusters have been presented. The bonding in the most stable 
isomers is investigated by NBO techniques for understanding the covalent 
nature. 
The dissimilar potential energy surfaces of [C3, N4] and [Si3, N4] is 
brought out by higher-level calculations like DFT and MP2. The relative 
energy ordering of the most stable isomers are obtained by these two 
methods along with the geometry. In general there is a reasonable 
agreement between these two methods. But in the cases of some bond 
lengths, the MP2 tends to yield larger values. The lowest isomer on the Si-
PES is a near Td structure, in agreement with the experimental results on 
the bulk Si3N4; on the other hand in the case of C-PES the lowest isomer 
is a chain isomer. The corresponding iso-structures are of very high 
energy. Thus the Td structure lies about 70 kcal/mol above the lowest 
minima on the C-PES while the chain isomer on the Si-PES lies about 124 
kcal/mol above the lowest minima, i.e. Td. The heat of formation of the Si 
Td is very small (123 kcal/mol) and the heat of formation of the C Td is 
197 kcal/mol, higher than the chain isomer by 60 kcal/mol. NBO analysis 
shows that the Si Td structure is mainly stabilized due to the large 
localization energy. On the other hand on the C-PES, though the isomer 
with the largest localization energy is the Td structure, but here the 
delocalization energy being more in the chain isomer, it becomes the most 
stable one. Thus in this study stability of the clusters of [Si3, N4] and [C3, 
N4] is brought out quantitatively by computational techniques which is 
believed that would help to understand these materials.   
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Chapter 4 
In contrast to the numerous experimental results, so far only one 
theoretical investigation limited to gas phase have been performed to 
study the electronic structure of black dye(trithiocyanato (4, 4/, 4//- 
tricarboxy-2, 2/: 6, 2//- terpyridine) Ruthenium (II) Complexe, BD). 
Moreover no detailed study of the bonding in its isomers and the effect of 
solvent on excitations of these isomers have been performed. 
Understanding of different linkage isomers of a particular dye can be a 
very interesting and exciting approach for tuning the spectral properties of 
metal complexes. Being a linear ambidentate ligand, thiocyanate has 
three linkage isomers. This investigation focuses on the comparative study 
of ground-state properties such as energies, geometries and population 
analysis in molecular orbitals of BD and its isomers by different DFT 
methods including scalar relativistic ZORA. This investigation also focuses 
on NBO analysis, and absorption spectra of these isomers. Further 
calculations are performed in ethanol solvent and the results in gas phase 
and in ethanol are compared to study the solvent effects. The 
experimental information coupled with DFT calculations is shown to yield a 
comprehensive understanding of the electronic structure of these 
complexes. In this work, a reasonable computational effort has been 
presented that shows that TD-DFT can well reproduce the spectroscopic 
properties of the BD and its other linkage isomers. 
The optimized geometry and electronic structure of BD and its 
linkage isomers in their ground state have been presented, and the 
electronic structure of singlet-excited state has been considered. It has 
been found that the DFT methods reproduce the experimental geometry 
much better with inclusion of SR-ZORA. From the detailed NBO analysis it 
is observed that the variations in interactions between metal and 
terpyridine ligand are small for all four isomers but prominent differences 
are observed in the interactions between metal and anionic ligands (i.e. 
thiocyanate and isothiocyanate) due to the alteration of the bonding atom 
from nitrogen to sulphur in the anionic ligand. The delocalizing 
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interactions between both organic and inorganic ligands and metal are 
varying in the isomers. Similarly the most significant * interactions 
also vary to a large extent from one isomer to other.  TDDFT with 
inclusion of solvent effects and scalar relativistic ZORA reproduce 
experimental results reasonably well. Frontier orbital analysis, performed 
for all isomers in solution, shows that HOMOs are predominantly 
composed by both Ru t2g d orbitals and isothiocyanate or thiocyanate  
orbitals. LUMOs of  character, results from antibonding contributions of 
terpyridine carbon 2p orbitals, with considerable contribution from 
carboxylic groups.  
 
Chapter 5 
In the second and third transition series, chemical properties of the 
heavier elements of any given group are similar but have some larger 
differences with the lighter congeneric element. In fact of any two 
congeneric elements in these series, zirconium and hafnium of group IVB 
have almost identical chemistries. This near similar chemical and physical 
properties of these two metals is attributed to the lanthanide contraction 
occurring due to the filling of the 4f orbitals which steadily contracts the 
atomic and the ionic sizes. The atomic and the ionic radii of these two 
elements are also almost identical (1.45 Å for Zr and 1.44 Å for Hf and 
0.86 Å for Zr4+ and 0.85 Å for Hf4+ ) in spite of the large differences in 
their atomic numbers. Apart from the lanthanide contraction it is also 
believed that the relativistic effects also have immense effect on third row 
transition metal complexes. As the nuclear charge increases, the valence 
orbital levels seem to be effected by the direct and indirect relativistic 
effects. Hence the electronic structure and the nature of metal-ligand 
interactions in heavy transition metal complexes is always interesting to 
study. 
Theoretical studies using quantum chemical principles can play a 
major role for not only the quantitative predictions of the stability and 
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geometrical parameters but also for understanding the metal-ligand 
interactions and has been used with remarkable success in the lanthanide 
and other metal series by many workers. From the viewpoint of designing 
new extractants or improving the existing ones, understanding the exact 
nature of guest-host interactions including the binding (interaction) 
energies and conformational features of these metals binding to these 
metals would be very useful. In this work, with a view of trying to 
understand the exact nature of the interactions of the Hf/Zr metal 
complexes with the ligands, further studies with relativistic effects 
including the energy decomposition analysis of the interaction energy 
have been carried out.  
To study the nature of these interactions, the energy decomposition 
analysis (EDA) is used in this study. The three components of EDA are 
Epauli, Eele and Eorb represents pauli repulsion, electrostatic attraction 
and energy due to orbital interactions respectively. Lanthanide contraction 
being dominant and with a larger nuclear charge it is expected that the 
electrostatic energy would be the major component in the interaction 
energy of Hf metal complexes interacts with H2O, this should be larger in 
Hf than in the case of Zr and Ti for the same reason. But this is seen only 
after switching on the relativistic effects (ZORA) indicating that the 
relativistic effects are playing a major role in this lanthanide contraction. 
This is also brought out clearly in the orbital interaction diagram where no 
major changes in the fragment orbitals are seen in the complex indicating 
the domination of electrostatic interaction. Slightly larger ?Eorb is 
obtained when relativistic effect is switched on which is attributed to the 
charge polarization effect-an offshoot of the electrostatic interaction. Thus 
Hf complexes would bind strongly to polar solvents mainly due to the 
larger relativistic effects/lanthanide contraction. This understanding of the 
interactions of group IVB metal complexes should be helpful in developing 
better extractants for Hf and Zr separation. 
